Dystroglycan is an important cell adhesion receptor linking the actin cytoskeleton, via utrophin and dystrophin, to laminin in the extracellular matrix. To identify adhesion-related signalling molecules associated with dystroglycan, we conducted a yeast two-hybrid screen and identified mitogen-activated protein (MAP) kinase kinase 2 (MEK2) as a b-dystroglycan interactor. Pull-down experiments and localization studies substantiated a physiological link between b-dystroglycan and MEK and localized MEK with dystroglycan in membrane ruffles. Moreover, we also identified active extracellular signal-regulated kinase (ERK), the downstream kinase from MEK, as another interacting partner for b-dystroglycan and localized both active ERK and dystroglycan to focal adhesions in fibroblast cells. These studies suggest a role for dystroglycan as a multifunctional adaptor or scaffold capable of interacting with components of the ERK-MAP kinase cascade including MEK and ERK. These findings have important implications for our understanding of the role of dystroglycan in normal cellular processes and in disease states such as muscular dystrophy.
INTRODUCTION
Dystroglycan is an important cell adhesion receptor linking the actin cytoskeleton, via utrophin and dystrophin, to laminin in the extracellular matrix (Winder, 2001 ). Dystroglycan has a vital role in maintaining muscle integrity, its loss leading to muscular dystrophy (Cote et al, 1999; Parsons et al, 2002) , and has recently been implicated in the maintenance of cell polarity (Muschler et al, 2002; Deng et al, 2003) . Previous studies have also shown that cell adhesion leads to tyrosine phosphorylation of the b-dystroglycan cytoplasmic domain, mediated by Src family kinases Sotgia et al, 2001) , preventing its association with utrophin . In addition, tyrosine phosphorylation of dystroglycan in muscle cells leads to a potential differential regulation of interactions between dystrophin and caveolin-3 (Sotgia et al, 2000; Ilsley et al, 2001 Ilsley et al, , 2002 . In non-muscle cells, tyrosine phosphorylation of dystroglycan leads to the recruitment of SH2 domain-containing adaptor proteins such as Nck and Shc (Sotgia et al, 2001) , and the SH2/SH3 domain-containing adaptor protein Grb2 also associates with b-dystroglycan (Yang et al, 1995; Cavaldesi et al, 1999; Russo et al, 2000) , but in an SH3-dependent manner (Yang et al, 1995) that is also competitive with dystrophin binding (Russo et al, 2000) . Despite the association of dystroglycan with a number of adaptor proteins involved in a variety of signalling cascades, and even reported interactions with tyrosine kinases including Src, Fyn and FAK (Cavaldesi et al, 1999; Sotgia et al, 2001) , no definitive role for dystroglycan in signalling has so far been elucidated. More recently, it has been demonstrated that engagement of dystroglycan by laminin has an inhibitory effect on the activation of the ERK-MAP (ERK, extracellular signal-regulated kinase; MAP, mitogen-activated protein) kinase cascade in response to the binding of a6b1 integrin to laminin (Ferletta et al, 2003) , although the precise function or mechanism whereby dystroglycan exerts this effect is not understood. We report here an association between dystroglycan and components of the ERK-MAP kinase cascade, and the differential targeting by dystroglycan of MAP kinase kinase (MEK) and active ERK to membrane ruffles and focal adhesions, respectively. The ability of dystroglycan to interact with several components of the ERK-MAP kinase cascade may be part of the mechanism involved in dystroglycan modulating ERK activity in response to integrin engagement on laminin.
RESULTS AND DISCUSSION Dystroglycan interacts with MEK
In a yeast two-hybrid screen against a HeLa cell library, using the cytoplasmic tail of b-dystroglycan as bait, we identified two independent full-length clones corresponding to the MAP kinase kinase 2 (MEK2) out of a total of 29 verified positive hits from 10 6 clones screened. To substantiate the yeast two-hybrid interaction by other means, we overexpressed haemagglutinin (HA)-tagged MEK1 and MEK2 in Cos-7 cells and subjected lysates from these cells to pull-down experiments with either glutathione-S-transferase (GST) or GST-dystroglycan cytoplasmic domain (GST-DG) (Fig 1) . As can be seen, GST-DG was able to pull down specifically HA-MEK1 and HA-MEK2 from these extracts, suggesting a bona fide interaction between these two proteins. It has recently been suggested that in certain cells dystroglycan can act antagonistically to other adhesion molecules, such as integrins, and suppresses the activation of downstream kinase cascades (Ferletta et al, 2003) . Dystroglycan was able to suppress the activation of the ERK-MAP kinase cascade induced by the interaction of integrin a6b1 with laminin (Ferletta et al, 2003) , suggesting the possibility of an interaction between b-dystroglycan and components of the ERK-MAP kinase cascade. The direct interaction of dystroglycan with MEK might be sufficient to sequester and inactivate or prevent the activation of MEK and therefore reduce the activity of its downstream kinase ERK. Furthermore, it has previously been reported that the SH2/SH3 adaptor protein Grb2 also associates with b-dystroglycan (Yang et al, 1995; Russo et al, 2000) . Grb2 is capable of linking SOS (Son of Sevenless), a guanine nucleotide exchange factor for Ras and the upstream activator of the Raf-MEK-ERK-MAP kinase cascade, to membrane receptors (Lowenstein et al, 1992; Buday & Downward, 1993; Egan et al, 1993) . We have been unable to demonstrate any association between b-dystroglycan and SOS by immunoprecipitation (S.J. Winder, unpublished observations), and it remains unclear as to what the potential binding partner for Grb2 might be. Nevertheless, previous published data and our finding that MEK associates with dystroglycan suggest a potential mechanism whereby dystroglycan may modulate adhesion-mediated signalling from integrins to the ERK-MAP kinase cascade.
Association of dystroglycan with active ERK
We have previously used cell adhesion and/or peroxyvanadate treatment to increase the phosphotyrosine content of b-dystroglycan Ilsley et al, 2001) , an approach used here to enrich possible interactions between potential SH2 adaptor proteins involved in anchoring MAP kinase components to b-dystroglycan. As we have observed previously, peroxyvanadate treatment of HeLa cells leads to an electrophoretic mobility shift in b-dystroglycan, consistent with its being phosphorylated on tyrosine residues, as determined by immunoprecipitation with antiphosphotyrosine antisera and western blotting for b-dystroglycan Fig 2A) . However, when the immunoprecipitation was first performed with b-dystroglycan or utrophin antisera (B) Extracts from Cos-7 cells expressing HA-tagged MEK1 or MEK2 were incubated with either GST alone or GST-DG. GST alone was unable to pull down either HA-tagged MEK1 or MEK2 (lanes 1 and 2), whereas GST-DG was able to pull down both HA-MEK1 and MEK2 (lanes 3 and 4). and then blotted with antiphosphotyrosine antisera, a phosphotyrosine-containing band of B45 kDa was apparent in both peroxyvanadate-treated and untreated samples (Fig 2B) . To further confirm that the B45 kDa phosphotyrosine-containing band was not in fact b-dystroglycan phosphorylated on tyrosine, or multiply phosphorylated on tyrosine and serine/threonine residues, we carried out immunoprecipitation of b-dystroglycan from untreated and peroxyvanadate-treated cells as before. In extracts from untreated cells, b-dystroglycan antisera immunoprecipitated a band of 43 kDa corresponding to b-dystroglycan itself (Fig 2C,  lane 1a) and a higher band of B45 kDa, which was recognized with antiphosphotyrosine antisera (Fig 2C, lane 1b) . In extracts from peroxyvanadate-treated cells, two weaker bands of bdystroglycan immunoreactivity were evident (Fig 2C, lane 2a) corresponding to unphosphorylated (lower band) and tyrosinephosphorylated b-dystroglycan (upper band). In the part developed with antiphosphotyrosine antiserum (lane 2b), there is a broad band, only part of which coincides with the higher migrating phosphorylated b-dystroglycan band. Given the previously identified association between dystroglycan and Grb2 (Yang et al, 1995) , and the interaction between dystroglycan and MEK described above, we investigated the possibility that the phosphotyrosine-containing band associated with b-dystroglycan was another component of the Ras-Raf-MEK-ERK cascade. The most obvious candidate for the 45 kDa phosphoprotein was the downstream kinase of MEK, ERK, which is phosphorylated by the dual-specificity kinase MEK on both threonine and tyrosine residues, whereas MEK itself is phosphorylated only on serine residues (for review, see Pearson et al, 2001) . Using antisera specific for inactive and activated forms of ERK MAP kinase, we identified activated p44 MAPK or ERK1 as the phosphotyrosinecontaining b-dystroglycan-associated band (Fig 3A,B) . Antisera against ERK, phospho-ERK or phosphotyrosine were all able to immunoprecipitate the endogenous b-dystroglycan, whereas antisera against MKK4 did not (Fig 3A) . Conversely, b-dystroglycan antisera were able to immunoprecipitate an endogenous B45 kDa band, which was recognized by antisera against ERK, phospho-ERK or phosphotyrosine, but not MKK4 (Fig 3B) , confirming that the band was the active phosphorylated form of ERK. ERK antisera raised against the inactive enzyme cannot distinguish between inactive and active ERK. Thus as ERK sera immunoprecipitated only the higher form of ERK corresponding to the band detected by the P-ERK antiserum, only active ERK appears to associate with bdystroglycan. Despite the presence of both ERK1 and ERK2 in these cells, we were only able to detect an association between bdystroglycan and ERK1, implying a specificity and distinct role for ERK1 binding to dystroglycan. Dystroglycan is therefore able to interact with both MEK and active ERK, as well as the adaptor Grb2. A conserved docking motif for MAP kinases comprising three or four basic residues has previously been described (Tanoue et al, 2000) . These basic stretches serve as docking sites not only between the kinases themselves but also their substrates and phosphatases that inactivate them (Tanoue et al, 2000) . The cytoplasmic tail of b-dystroglycan contains such a motif that may be involved in the docking of ERK. Furthermore, the primary sequence of the b-dystroglycan cytoplasmic tail is very prolinerich and contains several consensus sites for phosphorylation by ERK. We therefore investigated whether b-dystroglycan, as well as being associated with active ERK1, might also be a substrate for ERK1. However, the cytoplasmic tail of b-dystroglycan was neither itself phosphorylated, nor had it any effect on the ability of activated ERK to phosphorylate myelin basic protein, nor did it have any effect on the activity of MEK as determined by the ability of MEK to phosphorylate ERK (Fig 4) . Thus, the association of 
Differential localization of dystroglycan with ERK and MEK
We next studied the localization of dystroglycan and both MEK and active ERK in cells to determine whether they were all Co-transfected GFP-tagged dystroglycan and HA-MEK were visualized by the GFP signal for dystroglycan (J) and counterstained with anti-HA antisera for MEK (K). Dystroglycan-GFP staining was evident throughout the cell, with some perinuclear staining, but also prominent staining in membrane ruffles and other surface protrusions (J). A similar staining pattern was also seen with HA-MEK (K), which coincided with dystroglycan-GFP in the prominent membrane ruffles (L). Images (A,D,G,J) are the green channel and images (B,E,H,K) are the red channel in the respective merged images (C,F,I,L).
Dystroglycan in ERK-MAP kinase cascade H.J. Spence et al localized to the same cellular structures, which might suggest a scaffold role for b-dystroglycan such as that seen with the adaptor protein MP1 (Schaeffer et al, 1998) , or whether MEK and ERK localized with dystroglycan to different structures. Consistent with our inability to immunoprecipitate a ternary complex of DG-MEK-ERK, and the likely dissociation of ERK from MEK upon ERK activation (Wilsbacher et al, 1999) , active ERK and MEK localized with dystroglycan to different cellular compartments. Active ERK localized with dystroglycan or talin at sites of cell-substrate adhesion, known as focal adhesions (Fig 5A-I) , and MEK localized with dystroglycan in prominent ruffling membrane structures ( Fig  5J-K) . Dystroglycan therefore appears to associate with both MEK and active ERK in the cell, but in distinct compartments where it may perform different functions in either targeting or anchoring components of the MAP kinase cascade to specific cellular locations, or for specific functions. The ability of b-dystroglycan to target MEK to membrane ruffles and not to focal adhesions is consistent with the ability of dystroglycan to suppress the activation of MEK and ERK in response to integrin engagement (Ferletta et al, 2003) . Dystroglycan may simply sequester MEK away from the rest of the Ras-RAF MAP kinase cascade machinery, preventing the efficient phosphorylation of ERK by MEK. But once ERK is activated, it is also able to interact with dystroglycan where it is efficiently targeted to focal adhesion structures induced by laminin (Fig 4) . We have previously shown that activated ERK is targeted to focal adhesions by integrin engagement on laminin (Fincham et al, 2000) , although how active ERK remained localized to adhesions was not clear. The ability of active ERK to associate with dystroglycan (Figs 2, 3 and 5), and its presence in adhesions (Belkin & Burridge, 1995; Khurana et al, 1995) , provides a mechanism for the localization of active ERK in adhesions. The association of dystroglycan with components of the Ras-RAF MAP kinase cascade, including Grb2, MEK and ERK, and the tyrosine phosphorylation of dystroglycan in response to cell adhesion with recruitment of SH2 domaincontaining adaptor proteins such as Shc and Nck and kinases of the Src family including Src, Fyn and FAK point to dystroglycan's having a key function in the transduction and modulation of various signalling cascades. A recent report also suggested Grb2-and SOS-dependent signalling to the Jun kinase cascade via the dystrophin-dystroglycan complex in myotubes (Oak et al, 2003) , and JNK activity is elevated in dystrophic muscle (Kolodziejczyk et al, 2001) , although dystroglycan was not implicated directly in either of these studies. Perturbation of dystroglycan function, and loss of its role in modulating signalling cascades, may also be an important factor in the aetiology of muscular dystrophies or in muscle cell survival, and these possibilities warrant further investigation.
Methods
Expression constructs, yeast two-hybrid screen and protein expression. The cytoplasmic domain of mouse b-dystroglycan (residues 775-899) was generated by PCR with 5 0 NdeI and BamHI restriction sites and 3 0 stop codon and SalI site, and cloned into the BamHI and SalI sites of pGEX-2T and subcloned into pSJW1 (Winder & Kendrick-Jones, 1995) using NdeI and SalI. For yeast two-hybrid analyses, dystroglycan (residues 775-889) was cloned into pAS2 and screened against a HeLa cell cDNA library using the Matchmaker system (Clontech). For cellular studies, a full-length mouse dystroglycan cDNA was cloned into a pEGFP vector (Clontech). HA-tagged MEK1 and MEK2 were a gift from W. Kolch (Yeung et al, 1999) . GST or the cytoplasmic domain of b-dystroglycan fused to GST (GST-DG) was expressed in Escherichia coli and purified on glutathione-Sepharose according to the manufacturer's instructions (Amersham). b-Dystroglycan cytoplasmic domain nonfusion protein expressed from pSJW1 was purified by cation exchange, HA and gel filtration chromatography. Tissue culture, microscopy and pull-down assays. Culture of REF52, HeLa and Cos-7 cells, growth of cells on laminin, peroxyvanadate treatment and immunoprecipitation assays were carried out as described previously . Transfection of Cos-7 cells with HA-MEK or dystroglycan-GFP (GFP, green fluorescent protein) plasmids were performed using Lipofectamine, processed for microscopy, and stained for talin and p-ERK as described previously (Fincham et al, 2000) . Cells were counterstained for a-dystroglycan with a sheep polyclonal serum (1:100) raised against residues 62-163 of mouse a-dystroglycan. To colocalize dystroglycan-GFP and HA-MEK, the GFP signal was visualized directly for dystroglycan and counterstained with anti-HA antisera (Roche, 1:100) and rhodamine secondary antibody.
Extracts from Cos-7 cells expressing HA-tagged MEK1 or MEK2 (Yeung et al, 1999) were incubated with either GST alone or GST-DG and re-purified on glutathione-Sepharose before SDS-polyacrylamide gel electrophoresis (PAGE), transfer to polyvinylidene fluoride and western blotting with antisera against the HA epitope. MEK and ERK assays. MEK activity assay was carried out as described previously (Yeung et al, 1999) , but replacing RKIP with bacterially expressed b-dystroglycan cytoplasmic domain. Phosphorylation by activated ERK1 (Upstate) using [g-32 P]-ATP of bacterially expressed b-dystroglycan cytoplasmic domain (17 mM) and myelin basic protein (28 mM), either alone or together, was carried out according to the manufacturer's instructions (Upstate). Phosphorylation was quantified by scintillation counting and confirmed by SDS-PAGE and autoradiography of samples taken at the 60 min time point.
